Task Group 18 (TG 18) of the American Association of Physicists in Medicine has developed guidelines for Assessment of Display Performance for Medical Imaging Systems. In this document, a method for determination of the maximum room lighting for displays is suggested. It is based on luminance measurements of a black target displayed on each display device at different room illuminance levels. Linear extrapolation of the above luminance measurements vs. room illuminance allows one to determine diffuse and specular reflection coefficients. TG 18 guidelines have established recommended maximum room lighting. It is based on the characterization of the display by its minimum and maximum luminance and the description of room by diffuse and specular coefficients. We carried out these luminance measurements for three selected displays to determine their optimum viewing conditions: one cathode ray tube and two flat panels. We found some problems with the application of the TG 18 guidelines to optimize viewing conditions for IBM T221 flat panels. Introduction of the requirement for minimum room illuminance allows a more accurate determination of the optimal viewing conditions (maximum and minimum room illuminance) for IBM flat panels. It also addresses the possible loss of contrast in medical images on flat panel displays because of the effect of nonlinearity in the dependence of luminance on room illuminance at low room lighting.
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INTRODUCTION
A quality of the image display and reader performance depends not only on the properties of display device itself but also on viewing conditions and properties of the room that is used for image viewing. The term of viewing conditions includes room illumination and display device positioning relatively the viewer. The effect of the room setup on image quality can be evaluated with the so-called diffuse and specular reflection coefficients, which describe to what degree reflections from room content damage image quality. Knowledge of the reflection coefficients allows one to determine optimum viewing conditions, which provide the best possible quality of image display for a particular display device. Task Group 18 (TG 18) of the American Association of Physicists in Medicine has developed guidelines for Assessment of Display Performance for Medical Imaging Systems. 1 In this work, a method for determination of the maximum room lighting for display devices is suggested. It is based on luminance measurements containing a black target surrounded by a gray background as in Figure 1 . The luminance of the black target on each display was measured at different room illuminance levels. Linear extrapolation of these luminance measurements allows one to determine diffuse and specular reflection coefficients.
The TG 18 report describes a method for determining optimal room lighting conditions based on the maximum and minimum luminance 1 of the display and the contributions of specular and diffuse reflections in the room. This suggested that the method works well for traditional cathode ray tube (CRT) monitors.
2 However, in recent years, there has been a strong trend in medical imaging technology to substitute CRT monitors with flat panel (FP) displays built with active matrix liquid crystal display (AMLCD) technology. These thin, lightweight display devices have potentially increased image quality, lower power consumption, and better durability. Several papers have been published. 3Y8 on the comparison of CRT and FP performance in medical image display. Most of these papers were devoted to the comparison of the readers' performance on CRT and FP for given viewing conditions. The conclusions of the works cited are, however, quite varied. Some researchers indicate that CRT and FP provide equal or similar readers' performance (see, e.g., Refs. 3,4,6), whereas works reported by others seem to conclude that FP performance is superior to that of CRT's. 5, 7 A very detailed study of 32 different FPs described in Ref. 8 found that at optimized viewing conditions, the narrow viewing angles of the AMLCD displays need to be taken into account when changing from CRT to FPs.
One possible explanation for the above inconsistency is that viewing conditions for CRT may not be the same for FPs. FPs may very well require different approach for optimization of viewing conditions than CRTs. To investigate this, we carried out luminance measurements for three selected display devices, e.g., one CRT and two FPs. We found a nonlinear region of measured black target luminance dependence on room illuminance (hereafter referred to as the luminanceY illuminance dependence). This nonlinear region makes adoption of current TG 18 guidelines on viewing conditions difficult and problematic. From the results of this preliminary study, we hypothesize that recommended viewing conditions for FP displays should include recommendations both maximum and minimum illuminance. 
METHODS
The following three display devices were studied: The main difference between the two IBM FPs is in the brightness of the internal lamp, which illuminates the display screen; all other elements of the construction are similar or the same.
Room illuminance (in lux) was measured at eye level (20 cm above desk) using an illuminance meter (International Light, USA). This meter was used to measure the nine different illuminance levels: 0, 1, 2, 5, 10, 20, 30, 40, and 50 lux. Although TG 18 guidelines require luminance measurements to be made with the display turned off to simulate real conditions for medical imaging, we used a rectangular black target surrounded by different grayscale levels ranging from 0 to 20% of the maximum luminance. We have chosen the above grayscale levels as a surround for the black target because 10% of maximum luminance is a typical level at breast imaging in mammography. Therefore, from our point of view, the measured central black target was selected as 10% of the total display viewing area (Fig 1) . The luminance (cd/m 2 ) of a central black square was measured using Minolta LS-100a spot luminance meter for each of the nine illuminance levels, while surround levels were 0, 5, 10, and 20% of every maximum display luminance. The LS-100a has a 1-acceptance angle.
RESULTS AND DISCUSSION
Figures 2Y4 show the dependence of luminance on illuminance for all three display devices under study. According to Ref. 1, these dependences are expected to be linear, and the slope of the linear regression determines the reflection coefficient, which, together with the maximum and minimum luminance, determines the TG 18 recommended maximum room illuminance. CRT display Siemens SMM21201P (Figure 2 and Table 1 ) shows a linear dependence of black target luminance on room illuminance and allows easy determination of the reflection coefficient of the display in question. For the same experimental setup and display, Chakrabarti et al. 2 found this coefficient to be 0.024 T 0.001. In the case of the IBM FPs tested, the relationship is more complex. As seen from Figures 3 and 4 , both the standard IBM T221 and High Bright IBM T221 showed significant nonlinearity in luminanceYilluminance plots at low room light. The extent of this nonlinear region depends on the maximum brightness of the display (L max ), with the brighter IBM T221 display showing an even wider nonlinear range of room illuminance. This nonlinearity makes it difficult to follow the TG 18 recommended procedure for determination of the maximum room illuminance for levels to use for IBM FPs. Figures 2, 4 , and Tables 2Y5 show two possible sets of regression results for each display device based on the inclusion or exclusion of points in the nonlinear region. Evidently, the determination of the reflection coefficients is influenced by this nonlinear region.
We believe that light leakage from the interliquid crystal pixel space is the cause of this nonlinearity. In the nonlinear range of illuminance levels, this light leakage is comparable to the room illuminance. This explains the steep slope of luminance relative to small changes in illuminance level. In the linear range, the levels of light leakage are no longer comparable to the room illuminance, and the measured luminance is thus dominated by the contribution of the room luminance. It follows then that the nonlinear region should cover a wider range of room illuminance levels in a brighter FP display where greater room illuminance is required to compensate for the increased light leakage. A visual inspection of the plots of luminance vs. illuminance obtained for the Standard T221 and the High Bright T221 FPs (Figs. 3 and 4) indicates that the nonlinear region for a Standard T221 (L max = 250 cd/m 2 ) FP ends at approximately 5 lux of room illuminance. However, the nonlinear region for a High Bright T221 (L max = 450 cd/m 2 ) ends approximately at 10 lux. A numerical comparison of the two studied FPs can be made based on the data presented on Tables 2Y4. There are two parameters of linear regression: R, the correlation coefficient, and SD, the standard deviation, which describes the deviation of the luminance vs. illuminance data. A direct comparison of the SD and R data given in Tables 2Y4 supports our conclusion that nonlinear behavior of the luminance vs. illuminance plots at low room illuminance levels is roughly twice as large for the High Bright T221 than for the Standard T221. Based on this trend between the extent of the nonlinear region and the display brightness, one can speculate that a further increase of the FP display brightness at similar pixel construction will extend the nonlinear region further in the range of higher room illuminance. This extended nonlinear region of luminanceYilluminance dependence means that viewing of an image in low room illuminance conditions may not be completely adequate because the brightness of dark structures when viewing an image in low room light will not be optimal because the darkness of dark structures is strongly dependent on light leakage from surrounding structures. This ultimately degrades displayed image contrast, and therefore, it is recommended that sites measure the linearity of the luminanceYilluminance dependence for FP displays and avoid the use of FPs outside the linear range of the luminanceYilluminance relation. This finding also explains the previously mentioned inconsistency in published results comparing FP and CRT performance.
CONCLUSION
To avoid possible nonlinearity of luminance response at low room lighting for the IBM FPs used in this study, we suggest a minimum recommended room illuminance. This minimum illuminance can be determined from the lower limit of the linear region of a plot of black target luminance vs. room illuminance plot. For a Standard IBM FP T221, this value was found to be 5 lux, whereas that for a High Bright IBM T221, the value was found to be 10 lux. In this manner, based on the TG 18 recommended procedure, max-imum room lighting can be easily determined from the linear region.
Introduction of a requirement on minimum room illuminance allows a more accurate determination of the optimal viewing conditions (maximum and minimum room illuminance) for IBM FPs. It also eliminates the potential reduction of contrast in dark structures at low room illumination on high-bright panels.
